TEXT OF THE ARTICLE
INTRODUCTION
There are many situations in which the feet of the seated human body are exposed to vibration of a floor while there is also vibration at the seat (e.g., in buildings and in transport).
Vibration of the feet may contribute to discomfort, annoyance, or interference with activities, with the sensations varying in strength according to the vibration magnitude, the vibration frequency, the direction of vibration, and the contact conditions with the vibrating surface.
For the evaluation of fore-and-aft, lateral and vertical vibration at the feet, International
Standard 2631-1 [1] uses frequency weighting W k , while British Standard 6841 [2] uses frequency weighting W b . The W b weighting was influenced by experimentally-determined equivalent comfort contours at frequencies in the range 2.5 to 63 Hz for vibration of the feet at only one vibration magnitude, equivalent to 10 Hz vertical seat vibration at 0.8 ms -2 r.m.s. [3] . There appears to have been no investigation of whether vibration magnitude affects the frequency-dependence of discomfort caused by foot vibration.
It is intuitively obvious that increasing the magnitude of a vibration will increase the strength of sensations produced by the vibration. The relation between the physical magnitude of vibration stimuli and the consequent sensations can be expressed by Stevens' power law [4] :
where k is a constant and the exponent n describes the rate of growth of sensation, ψ, with increases in the vibration magnitude, φ. The exponent for each frequency determines the increase in vibration magnitude needed to increase the sensation by a given amount at that frequency. A frequency-dependence in the exponent indicates that the rate of growth of sensation varies with frequency, and means that the shapes of equivalent comfort contours will depend on the vibration magnitude.
The power law is sometimes written with an additive constant,  0, representing the threshold of perception [5] , assuming no sensation below the perception threshold:
The power law with the additive constant has proved useful in describing sensations caused by low magnitudes of hand-transmitted vibration [6] .
Similar to the hand, the detection of vibration at the foot is thought to be mediated by four types of tactile receptor (Pacinian, NP I, NP II, and NP III channels), although the distribution and response of these receptors over the foot sole differs from their distribution and response over the glabrous skin of the hand [7] . Vibrotactile thresholds have been measured at specific locations on the foot [8] [9] [10] [11] [12] . The frequency-dependence of thresholds for the perception of vibration at the fingertip differs from that for the whole hand [13] , so it may be expected that thresholds for the entire foot will differ from those determined at specific locations on the sole of the foot.
Investigations of gender differences in vibrotactile thresholds at the foot have tended to find that females are more sensitive to vibration than males in non-neuropathic populations [e.g., [14] [15] and in diabetic populations [e.g., [16] [17] , although some studies have not found significant effects of gender [e.g., 9, [18] [19] . Vibration of a floor is usually experienced while wearing footwear (e.g., shoes) that might be expected to influence how vibration is perceived.
There have been various studies of the dynamics of shoes, especially in the context of running shoes [e.g., [20] [21] , but there is no known study of the effect of footwear on the perception of a foot resting on a vibrating surface.
This study was primarily designed to examine the effect of vibration magnitude (from the threshold of perception to magnitudes associated with discomfort and risks to health) on equivalent comfort contours for seated persons exposed to vibration at the foot in each of the three axes (fore-and-aft, lateral and vertical axes) over the frequency range 8 to 315 Hz.
It was hypothesised that, within each of the three axes, the frequency-dependence of vibration discomfort experienced at the foot would vary with vibration magnitude. Two experiments were conducted. Experiment 1a determined absolute thresholds for the perception of vibration at the foot in each of the three axes, while Experiment 1b examined the effect of footwear and gender on absolute thresholds for the perception of vertical foot vibration. Experiment 2 determined equivalent comfort contours for each of the three axes of foot vibration. The threshold contours were used in the determination of the equivalent comfort contours developed in Experiment 2 and are also compared with the frequencydependence of the equivalent comfort contours.
EXPERIMENT 1: Absolute Thresholds

Method
Subjects
Three groups of twelve male subjects (Groups A, B, and C) participated in Experiment 1a, with one group for each axis of vibration. Two different groups of twelve subjects (Groups D and E) participated in Experiment 1b: Group D consisted of male subjects and Group E consisted of female subjects. All five groups of subjects (i.e., a total of 60 subjects) were aged between 19 and 30 years and were students or office workers with no history of occupational exposure to vibration. The characteristics of the subjects in each group are shown in Table 1 . There were no significant differences in age between the five groups (Kruskal-Wallis, p=0.63) and there were no significant differences in weight or body stature between the four groups of males (Kruskal-Wallis, p>0.1). The female group (i.e., Group E) had significantly less body weight and shorter body stature than the groups of males (i.e., Groups A, B, C, and D) (Mann-Whitney, p<0.01).
During the tests, subjects were exposed to white noise at 75 dB (A) via a pair of headphones to prevent them hearing the vibration and to assist their concentration on the vibration by masking any distracting sounds.
Both experiments were approved by the Human Experimentation Safety and Ethics
Committee of the ISVR, University of Southampton. Informed consent to participate in the experiments was given by all subjects.
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Apparatus
The subjects were seated on a stationary contoured wooden seat (250 mm x 150 mm) with their hands supported by two stationary cylindrical handles (100 mm in length, 30 mm in diameter) and their feet supported on two wooden footrests (30.5 mm x 10.5 mm with 10-degree inclination). One of the wooden footrests (for the left foot) was mounted rigidly via a metal plate to a vibrator system that varied according to the axis of excitation. Fore-and-aft and lateral vibration were produced by a trunnion-mounted electrodynamic vibrator (Derritron, VP75) that was connected to a slip table (Kimball Industries Inc., type 3089). Vertical vibration was produced by a different electrodynamic vibrator (Derritron, VP30). Fig. 1 shows a schematic diagram of the footrest and the foot posture.
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With all stimuli, the cross-axis accelerations were less than 5% of the acceleration in the desired axis. Background vibration, mainly due to electrical noise at 50 Hz, was less than 0.008 m s -2 r.m.s., and was not perceptible via the footrest.
The subjects were exposed to vibration at only one of their two feet (i.e., the left foot). For the non-exposed right foot, a stationary footrest with the same dimensions as the vibrating footrest was provided. The same body posture was adopted for all five groups of subjects.
Sinusoidal vibration was generated and acquired using HVLab Data Acquisition and Analysis Software (version 3.81) via a personal computer with anti-aliasing filters (TechFilter) and analogue-to-digital and digital-to-analogue converters (PCL-818). The signals were generated at 5000 samples per second and passed through 600 Hz low-pass filters. The stimulus parameters and the psychophysical measurement procedures were computercontrolled.
Procedure
In Experiment 1a, each of the three groups (Groups A, B, and C) took part in a 1-hour session to determine perception thresholds for sinusoidal vibration of the left foot with either fore-and-aft, lateral or vertical excitation at the 17 preferred one-third octave centre frequencies between 8 and 315 Hz. Subjects wore normal clothes (without jackets or coats) and thin socks but no shoes. Their trousers were rolled up to the knee level so as to minimise any sensation due to movement of the trousers. In Experiment 1b, each of the two groups (Groups D and E) took part in two sessions on separate days to determine perception thresholds of the left foot for sinusoidal vertical vibration at the six preferred octave centre frequencies between 8 and 250 Hz: one session with a pair of shoes (also with socks) and another session with socks (without shoes). The order of the two sessions was balanced across subjects. The effect of shoes was examined only with vertical vibration because it was found in Experiment 1a that the foot was generally more sensitive to vertical vibration than horizontal (fore-and-aft or lateral) vibration over the frequency range investigated, and because vertical vibration is more common and any effect of shoes was expected to be more likely to occur with vertical vibration. The subjects in Groups D and E were individually provided with shoes that were identical apart from their size. The shoes were selected from a stock of nine different shoe sizes (from 4½ to 11½ in UK size) so as to fit their feet. The shoes were made of leather (outside) and man-made materials (inside) with rubber soles (17-mm thick at the front, 30-mm thick at the heel). The shoes had laces and covers to ankle level (130-170 mm in height in addition to the heel height). All thresholds were determined for vibration of the left foot. Prior to the threshold tests, the skin temperature of the left foot was measured by means of a thermocouple placed between the foot and the wooden footrest. The threshold tests proceeded if the skin temperature was greater than 29°C. The room temperature was maintained with the range 23±2°C.
An up-down (staircase) algorithm was employed to determine thresholds in conjunction with the three-down one-up rule. A single test stimulus was presented, 2.0 seconds in duration (including 0.5-second cosine-tapered ends), with a cue light illuminated during this period.
The task of subjects was to indicate whether they perceived the vibration stimulus or not.
They responded saying 'yes' or 'no'. The vibration stimulus increased in magnitude by 2 dB (25.9% increment) after a negative ('no') response from a subject and decreased in magnitude by 2 dB after three consecutive positive ('yes') responses.
The procedure for determining a threshold was terminated after six reversals: a point where the stimulus magnitude reversed direction at either a peak or a trough. The threshold was calculated from the mean of the last two peaks and the last two troughs, omitting the first two reversals, as suggested by Levitt [22] . The order of presenting the test frequencies was randomized.
The experimental conditions for Experiment 1a and Experiment 1b are summarised in Table   2 . 
Statistical analysis
Statistical analysis of the threshold data was performed using non-parametric tests because threshold data are not expected to be normally distributed. To examine the effect of vibration frequency (related samples), the Friedman two-way analysis of variance and the Wilcoxon matched-pairs signed ranks tests were applied. The effect of axis (independent samples), was examined using the Kruskal Wallis and Mann-Whitney U tests.
Results and discussion
Thresholds within axes (Effect of frequency)
The median absolute thresholds and the inter-quartile ranges (25 th to 75 th percentiles) over the 12 subjects were determined at each frequency in each axis, and are shown in Fig. 2 .
There was no frequency-dependence in the acceleration perception thresholds at low The U-shaped acceleration threshold contours for all three axes of excitation at frequencies greater than 80 Hz (see Fig. 2 ) suggest the involvement of the Pacinian channel in the mediation of perception of vibration at the foot, as found in studies of absolute thresholds at the palm of the whole hand [6, [23] [24] . The perception thresholds for the foot determined in Experiment 1a have been compared with perception thresholds for the hand and the seat in Morioka and Griffin [25] ; it was suggested that the thresholds at the hand, the foot and the seat at frequencies greater than 80 Hz were mediated by the same psychophysical channel.
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Thresholds between axes (Effect of axis)
The thresholds differed significantly between the three axes of excitation (Kruskal-Wallis, p<0.05) except at 63 and 80 Hz. At frequencies less than 50 Hz, the foot was most sensitive to vertical vibration: vertical thresholds were significantly lower than the lateral thresholds (Mann-Whitney, p<0.01) and the fore-and-aft thresholds (Mann-Whitney, p<0.05) except at 25 and 50 Hz (Mann-Whiney, p>0.05). There were no differences between the lateral and the fore-and-aft thresholds at frequencies less than 50 Hz (Mann-Whitney, p>0.05), except at 31.5 Hz (Mann-Whitney, p=0.045). At frequencies greater than 80 Hz, the foot was the least sensitive to lateral vibration: thresholds for lateral vibration were significantly higher than those for fore-and-aft vibration (Mann-Whitney, p<0.05) except at 80 and 315 Hz (Mann-Whitney, p>0.1) and higher than those for vertical vibration (Mann-Whitney, p<0.05) except at 200 Hz (Mann-Whitney, p=0.16). There were no significant differences between fore-and-aft and vertical thresholds at frequencies greater than 63 Hz (Mann-Whitney, p>0.1). Greater sensitivity of the feet to vertical vibration than horizontal vibration has previously been reported by Parsons et al. [3] who determined equivalent comfort contours for the feet equivalent to vertical vibration of the seat at 0.8 ms -2 r.m.s. of 10 Hz.
The present thresholds for vibration of the entire foot can be compared with vibrotactile thresholds measured at specific locations over the sole of the foot. Gu and Griffin [11] determined vibrotactile thresholds at the big toe, the ball of the foot (between the first and second metatarsal bones), and the heel over the frequency range 20 to 250 Hz. Morioka et al. [12] compared vibrotactile thresholds at four body locations (i.e. the fingertip, volar forearm, large toe and heel) over the frequency range 8 to 250 Hz with two contact conditions. These two studies employed a 6-mm diameter vibrating probe with a 2-mm gap and the von Békésy method for determining thresholds. The median thresholds are compared with the present results in Fig 3. It is evident that absolute thresholds of the whole foot (present results) are much lower thresholds than thresholds determined at small areas of the foot, particularly at frequencies greater than about 20 Hz. The greatly increased sensitivity to vibration when exposed to vibration of the whole foot may be partially explained by spatial summation [26] : thresholds mediated by the Pacinian channel are lower with larger areas of stimulation.
FIG. 3 ABOUT HERE
The use of different psychophysical methods may also have contributed to the lower thresholds in the present study. According to Morioka and Griffin [27] , the von Békésy method ('yes-no' method with continuous stimulation) is likely to produce higher thresholds than the 'yes-no' method with intermittent stimulation employed in the present study. 
Effect of gender on thresholds
Effect of footwear on thresholds
Acceleration thresholds are compared with and without shoes in Fig. 4 (bottom 
Subjects
Three groups of male subjects (Groups A, B and C) participated in Experiment 2, with one group for each axis of vibration (i.e., fore-and-aft, lateral or vertical excitation). The subjects who participated in Experiment 1a also took part in Experiment 2. The characteristics of the subjects in each group are shown in Table 1 .
Apparatus
All apparatus, including the signal generation and signal acquisition method, were the same as employed in Experiment 1.
Procedure
Subjects adopted the same sitting posture as specified for Experiment 1. The subjects The method of magnitude estimation [4] was employed to determine judgements of discomfort caused by the vibration. Pairs of motions, a 2-s reference motion followed by a 2-s test motion, were presented with a 1.0-s interval. The reference motion was fixed with a frequency of 50 Hz and a magnitude of 5.0 ms -2 r.m.s. The reference motion and the test motion had the same direction of excitation (i.e., either fore-and-aft, lateral, or vertical). The subjects were asked to assign a number representing the discomfort of the test motion relative to the discomfort of the reference motion, assuming the discomfort of the reference motion corresponded to '100'. For each subject, the order of presenting the magnitudes and frequencies of the test motions was completely random. Subjects were able to ask for a pair of stimuli to be repeated if they were unsure of their judgment. They were instructed to indicate 'no sensation' if the test stimulus was not perceived. A small cue light was illuminated during the presentation periods of both the reference stimulus and the test stimulus.
Prior to commencing the experiment, subjects practiced magnitude estimation by judging the lengths of lines drawn on paper and by judging a few selected vibration stimuli. This provided an opportunity to check that they understood the procedure and also familiarised them with the type of vibration stimuli. Every subject received all the vibration stimuli in one axis of excitation during a single session lasting approximately one hour, with short breaks every 30 to 35 pairs.
A few stimuli at low magnitudes were not perceived by all subjects. Any stimulus not felt by a subject was excluded from the analysis of that subject's judgements.
Statistical analysis
Statistical analysis of the rate of growth of sensation was performed using the same nonparametric tests as described for Experiment 1. To investigate the overall trends in the rates of growth of sensation over frequencies, the Wilcoxon matched-pairs signed ranks test was applied with the significance criteria in the p-values not adjusted for pair-wise multiple comparisons for repeated measures. To investigate the trends in the rates of growth of sensation between the axes of excitation, Mann-Whitney test was applied for independent measures.
Results and discussion
Growth of sensation
For each frequency of vibration and axis of excitation, the relationships between the vibration magnitudes, , and the corresponding sensation magnitudes of each of the twelve subjects,, were determined using Stevens' Power law with an additive constant representing the threshold (Eq. (2)). The constant,  0 , was taken from the median perception threshold of the same subjects for the appropriate frequency and direction of excitation as determined in Experiment 1a. Linear regression was performed at each frequency after transforming Eq. (2) to:
This technique has been employed in previous studies [e.g., 6] where it was shown that the coefficient of determination, R 2 , obtained using the power law with the additive constant is mostly higher than determined using Stevens' power law without the additive constant.
For each of the three axes of excitation, the median rates of growth of sensation, n, determined using Stevens' Power law with an additive constant (Eq. (2)) are shown in Fig. 5 [32] found greater exponents at resonance frequencies for whole-body vibration, but the reason for any association between the rate of growth of sensation and resonances frequencies is not yet clear. Between the three axes, the rates of growth of sensation with vertical excitation were less than those for fore-and-aft excitation at frequencies between 20 and 31.5 Hz (Mann-Whitney, p<0.01) and less than that for lateral excitation at 16 Hz (Mann-Whitney, p=0.02). There were no significant differences in the rates of growth of sensation between fore-and-aft and lateral excitation. There were no systematic associations between the rates of growth (i.e. the exponents) and the anthropometric characteristics of the subjects.
FIG. 5 ABOUT HERE
Equivalent comfort contours
Equivalent comfort contours were determined by calculating the vibration acceleration,  , corresponding to the subjective magnitude,  (varying from 25 to 300 in steps of 25, where 100 is equivalent to sensation caused by 5.0 ms -2 r.m.s. at 50 Hz in the same axis) at each vibration frequency (from 8 to 315 Hz) using Eq. (2) (see Fig. 6 ). The corresponding median exponents (n), constants (k), and thresholds ( 0 ) used to create equivalent comfort contours are shown in Table 3 . The equivalent comfort contours illustrate the vibration magnitudes required to produce the same strength of sensation across the frequency range. Each contour provides information on which frequencies produced greater discomfort (a lower acceleration at a particular frequency indicates that greater discomfort is caused by acceleration at that frequency).
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As it can be seen in Fig. 6 , within each axis the overall shapes of the equivalent comfort contours depended on vibration magnitude, except for low frequencies where the equivalent comfort contours at frequencies less than about 30 Hz for the fore-and-aft and lateral axes, and less than about 16 Hz for the vertical axis, are relatively independent of vibration magnitude. At higher frequencies, the equivalent comfort contours tended towards contours with constant velocity (i.e. acceleration increasing in proportion to frequency) as the sensation magnitude increased. As expected, the contours tend towards the absolute perception threshold as the sensation magnitudes decrease. The shapes of the equivalent comfort contours for fore-and-aft and lateral vibration were similar, except for increased sensitivity to low magnitudes of lateral acceleration (less than 3 ms -2 r.m.s.) between 20 and 31.5 Hz.
The shapes of the comfort contours obtained in the present study show reasonable agreement with the contours determined by Parsons et al. [3] when compared at similar levels of acceleration (Fig. 7) . With fore-and-aft vibration at low frequencies (less than 20 Hz, the present equivalent comfort contours show constant acceleration (flat response to acceleration) whereas those determined by Parsons et al. [3] show decreased sensitivity to acceleration with decreasing frequency from 16 to 4 Hz. The increased sensitivity at low frequency fore-and-aft excitation in the present study may have arisen from different foot postures (the present study employed a footrest with 10 degrees inclination, whereas
Parsons et al. employed a flat footrest). Fore-and-aft vibration of the foot on the inclined footrest would have transmitted some vibration to the knee and thigh, which may have increased sensitivity to vibration.
Miwa [33] determined an equivalent comfort contour for vertical acceleration of the left foot at frequencies in the range 8 to 400 Hz and found a flat contour between 8 and 16 Hz that increased steeply with increasing frequency (by 12 dB per octave) at frequencies greater than 16 Hz, differing from the present study where the slope is only about 6 dB per octave above 16 Hz (Fig. 7) . It might be speculated that with subjects using the method of adjustment in Miwa's study there may have been sufficient exposure to high magnitudes of vibration to decrease sensitivity to high frequencies due to temporary threshold shifts.
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GENERAL DISCUSSION
For the evaluation of vibration at the feet in all the three axes, British Standard 6841 [2] advocates the use of frequency weighting W b , while International Standard 2631 [1] advocates the use of frequency weighting W k . The W b frequency weighting is independent of frequency (0 dB per octave) between 0.5 and 2 Hz, increases in proportion to frequency (+6 dB per octave) between 2 and 5 Hz, independent of frequency (0 dB per octave) between 5 and 16 Hz, and decreases inversely proportional to frequency (-6 dB per octave) between 16 and 80 Hz, indicating greatest sensitivity to acceleration at frequencies between 5 and 16 Hz 
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The frequency weightings for the three axes of foot vibration in this study (Experiment 2) are compared in Fig. 9 for low, medium and high vibration magnitudes (equivalent to sensation magnitudes of 50, 100, 200 and 300, relative to 5.0 ms -2 r.m.s. at 50 Hz), assuming a unity weighting at 8 Hz for each axis (as in ISO 2631 [1] and BSI 6841 [2] ). The magnitudedependence of the frequency-weightings can be seen to be broadly similar in the three axes.
The frequency weightings appropriate for sensation magnitudes of 50 and 100 show a greater weighting than the W b and W k weightings at frequencies greater than 16 Hz for all three axes, with increased weighting around 100 Hz for horizontal vibration. Experiment 2 did not directly investigate the equivalence of vibration discomfort between the three axes, so Fig 9 does not reflect the relative sensitivity between the axes. Parsons et al. [3] concluded that vertical vibration produces more discomfort than horizontal vibration, warranting a 60% greater multiplying factor for vertical vibration than that for horizontal axis (i.e. 0.4 versus 0.25) in ISO 2631 [1] and BS 6841 [2] .
The magnitude-dependence of the equivalent comfort contours determined in the present study may be explained by different psychophysical channels being responsible for discomfort of the foot at different vibration magnitudes. For the hand, anatomically similar to the foot [7] , it has been concluded that individual thresholds for FA II, FA I, and SA II fibres (Pacinian, NP I, and NP II channels, respectively) lie within a 30 dB range above absolute thresholds from a study of masked thresholds for the hand applied to a rigid flat plate vibrating in the vertical direction [34] . In Fig. 6 , the U-shaped portions of the comfort contours at high frequencies (between 50 and 200 Hz) diminish as the vibration magnitude increases above about 1 or 2 ms -2 r.m.s, which may be a sign of another channel being excited. Similar trends were observed in a similar study of equivalent comfort contours for hand-transmitted vibration [6] . Although thresholds for individual channels responsible for vibration discomfort in the foot are unknown, it seems likely that vibration of the foot at supra-threshold levels often excites more than one psychophysical channel.
A non-linear biodynamic response of the foot might partly explain the magnitudedependence of the comfort contours at low frequencies (less than about 30 Hz) in the present results where the frequencies with greatest sensitivity tended to reduce as the vibration magnitude increased. Kitazaki [30] found that the resonance frequencies of the feet decreased from 9, 13, and 35 Hz to 8, 12 and 33 Hz when the magnitude of vertical vibration increased from 0.3 to 1.0 ms -2 r.m.s. A similar non-linearity in the apparent mass at the feet has been reported with both vertical vibration of the feet [35] and fore-and-aft vibration of the feet [36] during simultaneous exposure to the same axis of vibration at the seat: with both axes, increases in the vibration magnitude decreased the principal resonance frequency of the apparent mass. The magnitude-dependence of the equivalent comfort contours at high frequencies (i.e. greater than about 30 Hz) cannot be explained by this biodynamic nonlinearity.
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CONCLUSIONS
When the foot of a seated person rests on a vibrating surface, absolute thresholds for the perception of vibration acceleration in each of the three axes (i.e. fore-and-aft, lateral and vertical) have a U-shaped frequency-dependence with greatest sensitivity to acceleration at frequencies greater than 80 Hz, suggesting an involvement of the Pacinian channel.
Absolute thresholds for the perception of vertical vibration of the foot were lower than those for the perception of fore-and-aft and lateral vibration at frequencies less than 50 Hz. There was no large or simple influence of gender on the perception of vibration at the foot: when barefoot, males produced lower thresholds than females at 125 Hz, but the opposite was observed at 8 Hz. Thresholds were not greatly affected by wearing shoes.
Over the frequency range 8 to 315 Hz, the frequency-dependence of equivalent comfort contours for foot vibration in each of the three axes is dependent on vibration magnitude. At low magnitudes, equivalent comfort contours have a similar shape to the absolute threshold.
With increasing magnitudes of vibration, the equivalent comfort contours tend to contours with constant velocity. The magnitude-dependence of the equivalent comfort contours suggests that more than one psychophysical channel is responsible for discomfort caused by vibration applied to the foot over the range of frequencies and magnitudes investigated. Table 1 .
Characteristics of five subjects groups (12 subjects in each group). Medians (inter-quartile ranges). Median exponents (n), constants (k) and thresholds ( 0 ) for each of three axes (x=fore-and-aft, y=lateral, and z= vertical)
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Stevens power law with additive constant, Eq. (2) Exponent (n) Constant (k) Threshold (0) Frequency x
